Introduction
Tobacco necrosis virus (TNV) is a small icosahedral plant virus that is transmitted in nature by the soilinhabiting fungus Olpidium brassicae. Most strains are often associated with satellite viruses (STNV) (Kassanis, 1970; Uyemoto, 1981) . Several strains of TNV are cosmopolitan and Uyemoto (1981) differentiated seven strains among 1 ! isolates by serology and spur formation in gel diffusion plates. These strains have been classified into two distinct but related serotypes, A and D, where all A strains support STNV replication with variable efficiency, whereas D strains do not (Babos & Kassanis, 1963) . It has been demonstrated that a North American serotype isolate of TNV-D does support the replication of STNV (Grogan & Uyemoto, 1967) but the exact relationship between the British (Rothamsted) isolate and the American isolate is not clear (Fraenkel-Conrat, 1988) . The British TNV-D isolate does not support the The nucleotide sequence data reported in this paper have been entered in the DDBJ, EMBL and GenBank nucleotide sequence databases under the accession number D00942.
replication of any known STNV in the UK (Kassanis & Phillips, 1970; D. M. McCarthy, personal communication) . The unipartite RNA genome of TNV is 3-8 to 4-0 kb long (Condit & Fraenkel-Conrat, 1979) and shares less than 2~o identity with STNV RNA (Shoulder et al., 1974) . TNV RNA is uncapped and does not possess a covalently linked virion protein, and lacks a 3'-terminal poly(A) tail and amino acid-binding capability (Fraenkel-Conrat, 1988) .
Although most attention has focused on the molecular biology of one STNV isolate (van Emmelo et al., 1987) the almost complete sequence of the TNV-A RNA genome was determined recently (Meulewaeter et al., 1990) . Analysis of the sequence revealed that TNV-A RNA has a genome organization similar to that of the carmoviruses as originally suggested by Morris & Carrington (1988) . Because of the known differences in the ability of TNV-A and TNV-D to support replication of STNV and their distinct serological relationship, we have cDNA-cloned and sequenced the complete TNV-D genome. Detailed comparisons of the TNV-D sequence with that of TNV-A RNA reveal significant differences in the organization and deduced amino acid sequences of the predicted major open reading frames (ORFs). These comparisons have been extended to a comparison with other plant viruses. Our findings suggest that TNV-D is closely related to TNV-A and members of the carmovirus group but classification of TNV in a monotypic virus group ought to be maintained at the present time particularly as TNV appears to be an example of a plant virus which has evolved in a modular fashion from domains shared by both sobemo-and carmoviruses.
Methods
Virus purification and RNA extraction. TNV-D was maintained in French bean (Phaseolus vulgaris L. cv The Prince) and virus was purified using two sucrose gradient steps according to the procedure of McCarthy etal. (1980) . TNV-D RNA was extracted using proteinase K as described by Coutts et al. (1988) and stored as an ethanol precipitate at -70 °C.
Cloning and sequencing of TNV-D RNA. First and second strand random-primed eDNA synthesis was performed according to Gubler & Hoffman (1983) using the eDNA Cloning System Plus (Amersham). cDNAs were ligated into the pEMBL9 HincII site. Further eDNA clones were generated once reliable sequence data were available using a range of oligonucleotide primers (A to F, Fig. 1 ). Recombinant clones were selected by colour selection and TNV-specific clones were identified by hybridization to a eDNA probe prepared by reverse transcription of TNV RNA (Coutts et al., 1988) . All subsequent DNA manipulations were performed according to Sambrook et al. (1989) .
In order to obtain clones representing the 3' end of TNV-D RNA, RNA was polyadenylated according to the procedure of Hillman et at. (1989) using Escherichia coil poly(A) polymerase (BRL) and oligo(dT)-primed clones were generated using the Amersham cloning kit described earlier, cDNAs were ligated into the EcoRV site of phagemid vector Bluescribe (Stratagene) and transformants were colour selected. The dideoxynucleotide chain termination procedure (Sanger et at., 1977) was used to sequence double-stranded plasmid DNA templates (Zagursky et al., 1988) using T7 DNA polymerase (Pharmacia) as described before (Toneguzzo et al., 1988) . Overlapping subelones were prepared from the clones containing the largest inserts by restriction enzyme digestion. Subclones were ligated into Ml3mp8 and Ml3mp9 bacteriophage vectors (Messing, 1983 ) and sequenced as above. Sequence ambiguities were resolved by increasing the sequencing reaction temperature or using dITP with Sequenase (USB) (Tabor & Richardson, 1987) .
RNA sequencing. Further sequence ambiguities were resolved by sequencing selected portions of gel-purified, TNV-D RNA primed with 5' end-labelled oligonueleotides (primers A to F, Fig. 1 ) labelled with [~-32p]dATP (3000 Ci/mmol; Amersham) using dideoxynucleotide-terminated reverse transcription (Zimmern & Kaesberg, 1978; Haseloff & Symons, 1981) . Terminal sequencing of viral RNA was performed by labelling TNV-D RNA at the 3' end with [5'-32p]pCp (New England Nuclear) and T4 RNA ligase (Pharmacia), and at the 5' end with [),-32p]ATP (New England Nuclear; 3000 Ci/mmol) and polynucleotide kinase (BRL). The labelled RNAs were freed from unincorporated label by 'spin dialysis' over Sephadex G-75' and concentrated by ethanol precipitation. Terminally labelled full-length RNAs were separatedon 1% agarose gels. In each case, regions of gels containing full-length TNV-D RNA were excised and the RNA was electroeluted (Sambrook et at., 1989) prior to analysis of the 3"-and 5'-terminal bases as described by Lomonossoff et al. (1985) .
All nucleotide sequence data were manipulated using the Program Library of the UWGCG (Devereux et al., 1984) which allowed full access to all available sequences in EMBL. The amino acid sequences of probable TNV-D proteins were compared to sequences in several protein sequence databases using the FASTA program (Pearson & Lipman, 1988) .
Sequencing of TNV-D capsid protein ( CP ).
The procedure described for the isolation of tomato golden mosaic virus CP was utilized for the isolation ofTNV-D CP (Kallender et al., 1988) . The purity of the TNV-D CP was assayed by immunoblotting the isolated protein onto nitrocellulose (Towbin et al., 1979) and probing the blot with an antiserum to TNV-A (kindly provided by R. F. White) as described by Sherwood (1987) . The N-terminal amino acids of the TNV-D CP were sequenced directly by sequential Edman degradation as described by Cottingham et al. (1988) .
Results and Discussion
Sequencing strategy TNV-D genomic RNA cDNA clones RNAs were obtained by a combination of random and oligonucleotide priming. At least 12 overlapping clones comprising all but the 5'-and Y-terminal nucleotides of the genome were used for sequencing (Fig. 1) . Ninety-six percent of the bases were sequenced an average of five times. The terminal regions of the genome were initially sequenced from cDNA but some ambiguities were encountered and the sequences in these areas were confirmed using a range of oligonucleotide primers and viral RNA as template for dideoxy-nucleotide-terminated synthesis (Fig. 1) .
The sequence of the 5' end of the RNA was determined by primer extension with oligonucleotide A (Fig. 1) . Only the terminal nucleotide could not be resolved by this method. The terminal 5' nucleotide was identified as an A following total nuclease Pl digestion of kinase-labelled TNV RNA and electrophoresis of the digest on Whatman 3MM paper at pH 3.5.
Six different clones mapping to the 3' terminus of the genome were used to determine the Y-terminal sequence of TNV-D. The longest clone (TNPOLYA1, Fig. 1 ) and two others in the same and three in the opposite orientation could be read up to the poly(A) tail which had been added prior to cloning. The Y-terminal nucleotide could not be unambiguously determined by this procedure since it was possible that viral RNA could terminate in an A residue. Therefore, the 3' terminus was sequenced using the 'wandering spot' procedure on pCplabelled RNA to determine whether any of the A residues found in the clones were part of the viral sequence rather than the added poly(A) tail. The pattern obtained was consistent with the sequence shown in Fig.  2 (i.e. ending in CCCon). Total alkaline degradation of pCp-labelled TNV RNA confirmed the presence of a C residue at the 3' end of the RNA, although it is possible that a fraction of the molecules may contain an additional A residue (results not shown). ,Primer (Meulewaeter et al., 1990) . One major difference between TNV-D and -A RNA is that the former appears to be a good substrate for both poly(A) polymerase and RNA ligase whereas the latter is not. Indeed it was this feature of TNV-A RNA which precluded Meulewaeter et al. (1990) from completing the sequence of the genome.
Nucleotide sequence and organization of the TNV-D genome
Three of the first four nucleotides (AATA) are identical to the sequence of STNV RNA and TNV-A RNA (Ysebaert et al., 1980; Meulewaeter et al., 1990) . Three large ORFs are found on the positive strand of the RNA. A Y-proximal non-coding region of 38 nt precedes the first AUG found in the sequence. The first AUG (nt 39) of the viral RNA is the start of the coding region which encodes a protein of 22 365 Mr (p22). This ORF (ORF1) terminates with an amber codon (nt 645) followed by an open region such that if readthrough occurred a protein of 82172 M r (p82) would be produced. This second ORF (ORF2) terminates with a UGA codon starting at nt 2215. The third large ORF (ORF5) begins at nt 2647 and terminates at nt 3451. This codes for a protein of 29030 Mr (p29) which has an amino acid composition and Mr similar to that of TNV CP (Lesnaw & Reichmann, 1969) . The N terminus ofTNV-D CP was not blocked. Consequently, the N-terminal sequence of purified TNV-CP was determined by sequential Edman degradation over the first 15 amino acid residues and was shown to be identical to that deduced from the nucleotide sequence of the viral RNA. Two small ORFs are located between ORF2 and ORF5, ORF3 which extends from nt 2251 to 2443 to encode a protein of 7292 Mr (p7a) and ORF4 (nt 2445 to nt 2643) which encodes a protein of 7373 Mr (p7b).
As with TNV-A, the TNV-D genome is compact. However, the arrangment of the ORFs on the two RNAs differs. In TNV-A RNA, ORF2 and ORF3 overlap by 17 nt but in TNV-D RNA there is an intercistronic region of 34 nt. There is a 3 nt intercistronic region between ORF3 and 4 in the TNV-A genome, while the terminal adenosine of the termination codon UAA in TNV-D ORF3 is the first nucleotide of the AUG start codon for ORF4. Downstream of ORF5 on the TNV-A genome a further ORF (ORF6) was deduced from the sequence (Meulewaeter et al., 1990 ). We did not find an ORF beyond the TNV-D CP ORF but demonstrated a 3' untranslated region of 306 nt, terminating in -CCC which corresponds to the last three nucleotides on the sequence of STNV RNA (Ysebaert et al., 1980) . There was no other significant homology in the 3' untranslated region within the similar region on STNV RNA. An analysis of the overlapping sequence data for TNV-D RNA revealed nine point mutations only one of which caused an amino acid change in p7b (results not shown).
Possible translation strategy
The translation strategy proposed for TNV-D is illustrated in Fig. 3 and is based on the corresponding genomic locations of ORFs deduced from the TNV-D nucleotide sequence (see Fig. 2 ) and of TNV-specific dsRNAs produced during infection. Fig. 3 shows a comparison between the translation strategies of TNV-D, TNV-A (Meulewaeter et al., 1990) , carnation mottle carmovirus (CarMV; Guilley et al., 1985) and cucumber necrosis tombusvirus (CNV; Rochon & Tremaine, 1989 ). In TNV-A, the p8 and p60RFs are in the same reading frame whereas in TNV-D, the p7a and p7b (shown as a stippled box) ORFs are out of frame but are shown together for comparative purposes and simplicity.
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The dsRNA profile obtained from TNV-infected tobacco leaves revealed two subgenomic species (Condit & Fraenkel-Conrat, 1979; Morris & Carrington, 1988; Rochon & Tremaine, 1988; Meulewaeter et al., 1990) . In the case of TNV-A, Northern blotting using RNA probes suggested that the larger of the two subgenomic RNAs is the mRNA for ORF3, whereas the smaller subgenomic RNA is the mRNA for the CP gene (ORF5) (Meulewaeter et al., 1990) . Both dsRNA subgenomic species had ssRNA counterparts in infected plant extracts (Meulewaeter et al., 1990) . The analysis of dsRNA from TNV-D-infected bean leaves revealed three major species, the largest of which is the presumed replicative form for full-length virion RNA; the other two species of 1.6 and 1.3 kbp are directly comparable to those described for TNV-A (results not shown). These observations suggest that p22 and its readthrough protein, p82, are expressed from genomicqength TNV RNA whereas p7a is expressed from the 1.6 kb subgenomic RNA and the 1-3 kb subgenomic RNA acts as a template for the expression of CP in both strains.
Comparison of the genomic organization and translation strategy of TNV-D with those of similar viruses
The genomic organization of TNV-D as compared with that of CNV (Rochon & Tremaine, 1989) , CarMV (Guilley et al., 1985) and TNV-A (Meulewaeter et al., 1990 ) is shown in Fig. 3 . The genomic organization of turnip crinkle virus (TCV) is not shown, but is very similar to that of CarMV (Carrington et al., 1989) . This comparison shows that both TNV-A and TNV-D have similarities with both tombus-and carmoviruses but resemble the carmoviruses more closely overall. The central genomic region of both TNV strains encodes two small proteins (p7a and p7b in TNV-D), and a counterpart of the former protein is found in both CarMV (Fig.  3) and TCV (not shown) but is not present in CNV (Fig.  3) . The p7b ORF appears to be unique to TNV although analogous regions in other plant viruses have been identified (see later). In tombusviruses, two nested ORFs are found near the 3' terminus, e.g. CNV (Fig. 3) and tomato bushy stunt virus (TBSV; Hillman et al., 1989) , which are absent from both TNV-A and TNV-D.
Amino acid sequence comparisons (i) TNV RNA-dependent RNA polymerase
The readthrough domain of TNV-D p82 is identified as the putative RNA-dependent RNA polymerase as it contains the GDD motif and surrounding conserved amino acid residues characteristic of RNA polymerases (Argos, 1988; Fig. 4 ). This protein shows extensive similarity with the putative RNA polymerases of the carmovirus CarMV (Guilley et al., 1985) , the tombusvirus CNV (Rochon & Tremaine, 1989) and TNV-A (Meulewaeter et al., 1990) (Fig. 4) . The similarities of this putative polymerase can be extended to include the unclassified maize chlorotic mottle virus (MCMV; Nutter et al., 1989) as well as barley yellow dwarf luteovirus (BYDV; Miller et al., 1988) (results not shown).
The percentage of identical amino acids for the readthrough domain of TNV-D p82 is highest with CNV (46%), TNV-A (45%) and CarMV (40%), but the polymerase regions of several other viruses including red clover necrotic mosaic dianthovirus (RCNMV; Xiong & Lommel, 1989), melon necrotic spot virus (MNSV; Riviere & Rochon, 1990) and TCV (Carrington et al., 1989 ) also share a high degree of sequence similarity with each other and TNV-D p82. These homologous areas are clustered in regions which are the same for each pair of viruses, as is shown in Fig. 4 .
On this basis, Rochon & Tremaine (1989) , Riviere & Rochon (1990) and Candresse et al. (1990) have suggested supergrouping or hierarchical clustering of the carmoviruses, tombusviruses, dianthoviruses and BYDV. On the basis of the analysis performed here, both TNV-A and TNV-D ought to be included within this grouping as possible carmoviruses by virtue of their genomic organization.
TNV-D p22, the pre-readthrough domain of p82, shows limited amino acid sequence identity with similarly positioned proteins of CNV (26%), CarMV (23%) and TNV-A (21%). It was suggested previously that this domain may be used as a criterion for classification (Riviere & Rochon, 1990) . However, TNV-D shows more identity with CNV than with CarMV or TNV A in this domain. The actual function of this domain, either as a separate protein or as a domain of the post-readthrough ORF (p82), is unknown. Thus, it would be unwise to utilize this domain as a pointer for classification, particularly as the two functional domains may have evolved independently and recombined at a later time (Zimmern, 1988) .
TNV-D and TNV-A, which are similar to the tombus-, diantho-, sobemo-and carmoviruses, lack the characteristic nucleotide-binding site sequence motif (Gorbalenya et al., 1988 (Gorbalenya et al., , 1989 Hodgman, 1988; Candresse et CarMV (247) Fig. 4 . Amino acid sequence alignment of the putative polymerase domains from CarMV, CN'q, TNV-A and TNV-D. Amino acid sequences are numbered from the replicase start codon. Gaps introduced to effect the best alignment are indicated by dots. The amino acid sequences depicted show the readthrough domain of the putative polymerase ORFs immediately after the amber termination codon and extend to the termination codon of the ORFs. The conserved signature sequences for RNA replicases in this group of viruses (Candresse et al., 1990) are shown by asterisks.
al., 1990) that is found in regions N-terminal to the polymerase domains of nearly all positive-sense, unipartite, ssRNA viruses (Gorbalenya et al., 1989) . This observation suggests that those viruses which share amino acid sequence homologies in their putative polymerases but differ from the alpha-and picoma-like supergroups in this respect may possess a unique replication strategy (Goldbach, 1987; Candresse et al., 1990) . However, they may use a similar strategy but encode proteins which function in the same fashion but differ in sequence between the supergroups.
(ii) Coat protein The only known TNV-D structural gene product is the CP which is encoded by the 3'-proximal ORF, p29. The sequence for TNV-D CP shows striking similarity with the TNV-A 30K CP (Meulewaeter et al., 1990) which is in the same position on the genome of TNV-D (Fig. 5) . TNV-A CP shows some sequence similarity with the structural proteins of a number of small icosahedral plant viruses, including CNV, CarMV, RCNMV and MNSV (Riviere et al., 1989) , TCV (Carrington et al., 1987) and TBSV (Hopper et al., 1984) , and significant similarity with southern bean mosaic sobemovirus (SBMV; Hermodson, 1982) . Detailed structural information is available for the CP subunit protein of some of these viruses, e.g. TBSV (Harrison et al., 1978) , SBMV (AbadZapatero et al., 1980) and TCV (Hogle et al., 1986) . The CP subunits of these viruses are arranged into four distinct domains called R (random, N-terminal), a (arm, which connects R and S), S (shell) and P (projecting, Cterminal). A comparison of the amino acid sequences of the TNV-A 30K CP and TNV-D 29K CP shows an overall 45 ~o identity and limited similarity in the a and R domains. There is a 57 ~o amino acid identity within the S domain ( Fig. 5) and both TNV-D and TNV-A S domains are I80 residues in length (Fig. 5) . As with TNV-A CP, TNV-D CP shows a high degree of sequence similarity with SBMV CP and less with those of TCV, TBSV, CNV, MNSV, RCNMV and CarMV (results not shown). It has been noted that TNV-A CP can be aligned against the C and D 0~ helices of SBMV which are absent from TCV and TBSV (Meulewaeter et al., 1990) , and our observations with the TNV-D CP sequence agree (results not shown). Since TNV-A and TNV-D are serologically related (Babos & Kassanis, 1963) , these observations are not unexpected, nor is the identity of three of the four Ca 2+-binding sites of SBMV (Rossmann et al., 1983) with those in both TNV-A and TNV-D, and the replacement of a glutamic acid residue by a lysine residue at the fourth site, as was shown for the bean strain of SBMV (Mang et al., 1982) . The TNV-D CP is similar to both the SBMV and TNV-A coat proteins in that it lacks a P domain. (20~o) (Carrington et al., 1989; Guilley et al., 1985; Meulewaeter et al., 1990; Nutter et al., 1989) . This similarity has been noted previously and the identity appears to be restricted to the C-terminal regions. All of the ORFs described previously overlap the readthrough domains of the putative polymerases in a different reading frame. However, in the case of TNV-D, the p7a ORF (which is also in a different reading frame) is separated from the p82 domain by a 34 nt intercistronic region. It has been suggested that CarMV p7 and TCV p8 may be involved in virus transport (Guilley et al., 1985; Carrington et al., 1989) but the function of this putative protein is unknown and no similar protein was found in the databases examined. Although TNV-A p7b protein shows only 21~ sequence identity with a similarly located ORF on the TNV-D genome which encodes a 6.2K protein (Meulewaeter et al., 1990) , both ORFs contain an internal partially homologous stretch of hydrophobic residues. No obvious amino acid sequence similarities were found between TNV p7b and any protein in the databases examined. In the case of TNV-A, no subgenomic RNA for this ORF has been identified (Meulewaeter et al., 1990) . Analogous regions in the CarMV, TCV, MCMV and MNSV genomes have been identified previously (Riviere & Rochon, 1990) . However, the regions are arranged differently for each virus and it is not clear how this conserved region is expressed.
The ORF located downstream of the TNV-A CP cistron encoding a putative protein with an Mr of 6"7K had no counterpart on the TNV-D sequence.
The overall genomic organization of TNV-D RNA is very similar to that of another recently sequenced isolate, TNV-A ( Fig. 3; MeuleWaeter et al., 1990) . In TNV-D RNA the placement of the internal ORF encoding p7a, which does not overlap the readthrough domain of the putative replicase p82, and the lack of an ORF downstream of the CP cistron distinguishes it from TNV-A. However, the CP cistrons for the two viruses are very similar particularly within the S domain.
Several proteins encoded by TNV-A have significant amino acid sequence similarity with a newly proposed supergroup of plant viruses which includes the carmoviruses, tombusviruses, the luteovirus BYDV, the dianthoviruses, MCMV and other viruses if extensive sequence similarily within the putative polymerase is used as a basis for classification (Habili & Symons, 1989; Meulewaeter et al., 1990; Riviere & Rochon, 1990; Candresse et al., 1990) . The fact that the CP cistrons of TNV-D, TNV-A and SBMV are particularly similar within the S domain and lack a P domain, suggests that all TNV strains will be similar in this respect and that SBMV is also ancestrally related. Both TNV-A and TNV-D are closely related to the carmoviruses in their genomic organization, but are more similar to the tombusviruses within the CP cistron. A similar situation has been illustrated for MNSV which also has a carmovirus-like genome organization (Riviere et al., 1989) . Likewise, the putative polymerases of both TNV-D and TNV-A are very similar and are more closely related to the tombusvirus CNV than to CarMV within the p82 readthrough domain. This illustrates a degree of molecular flexibility in the supergrouped tombus-and carmoviruses where gene exchange by recombination might occur as has been demonstrated in the plant bromovirus group (Bujarski & Kaesberg, 1986) .
TNV-D and TNV-A RNA are structurally different from the carmoviruses and while placement of both strains of TNV in the carmovirus supergroup might be justified, the differences demonstrated between two strains of TNV, as evidenced in this study, illustrates that more sequence data for other strains and other possible members of the group must be accumulated before establishing TNV as a bona fide carmovirus.
A major difference between TNV-D and TNV-A is the inability of the British isolate of the former to support the replication of STNV (Babos & Kassanis, 1963) . Now that both of these isolates have been sequenced the opportunity to investigate this aspect of 'satellitism' at the molecular level is available.
